Abstract-This
I. INTRODUCTION
The voltage source inverters with resonant parallel load are used successfully in medium and high frequency induction heating systems [1] - [5] .
The replacement of the current source inverters has been facilitated by both the existence on the market of the high power insulated-gate bipolar transistors (IGBTs) and the advantages of voltage source inverters [3] , [5] , [6] . These consist primarily in simple limiting the switching overvoltage and simplest achievement of switching at zero current.
Last but not least, the use of parallel resonance allows for high load current with a small current through the inverter (only the active component). As the control system handles the operation of the induction coil in parallel with a compensation capacitor at the desired resonant frequency, the current through the induction coil is forced to be sinusoidal.
In practice, the parallel resonant circuit is damped when the work piece is inserted into the induction coil by introducing additional losses into the system and increasing the current drawn from the inverter [1] , [3] , [5] , [7] . This paper is focused on the tuning the control loop of the power transferred to a work pipe in the induction heating process through a voltage source resonant inverter. Starting from the block diagram based on In the adopted structure of the induction heating system (Fig. 1) , a three-phase full-controlled bridge rectifier supplies the IGBTs-based single-phase fullbridge voltage source inverter. In order to ensure zerocurrent switching, the operating frequency of the squarewave inverter, which is provided by an auto-adaptive loop, is imposed to be slightly higher than the resonant frequency of the equivalent circuit consisting of induction coil-work piece in parallel with the resonant capacitor.
The control of the current through the induction coil can be performed by controlling its active component, which means the control of the inverter output current. As regards the required value of the induction coil current, there are two possible approaches:
 The work pipe moves through the inductor at a preset speed and the preset current depends on the required temperature gradient;  The maximum rated current of the voltage inverter is preset and the work pipe speed is adjusted as a function of the required temperature gradient. This is the option that allows for maximum productivity in terms of the inverter. The block diagram in Fig. 2 illustrates the transfer functions of inverter current control loop [8] .
Starting from the equivalent forward transfer function, a Proportional-Integral-Derivative (PID) controller is adopted in order to remove the dominant time constants (the constants of the DC-link circuit). The following specific constants are used:
K p , K R and K Ti -the proportional constants of the controller, rectifier and current transducer, respectively;
T i and T d -integral and derivative controllers' time constants;
T  -the rectifier's integral time constant which corresponds to the average dead-time associated to the firing circuit; Note that L b and R b are associated to the equivalent inductance and resistance of the induction coil and heated piece and C is the capacitance of the resonant capacitor.
The transducer was taken into consideration as proportional element.
The transfer function of the equivalent matching and resonant circuit shown in Fig. 2 can be written in following form:
where I i (s) and U i (s) are the inverter output current and voltage in the Laplace domain. Since 
III. TUNING THE CURRENT CONTROLLER
The current controller design is based on Modulus Optimum criterion in Kessler variant, which is dedicated to the rapid systems [9] .
To reach the square modulus of the closed-loop unity feedback transfer function, the open-loop transfer function is expressed first as:
By using the transfer functions shown in Fig. 2 and expression (2), the following expression is obtained:
To remove the dominant time constants of the DC-link circuit, in accordance with MO criterion, two conditions are imposed in (4):
Thus, expression (4) becomes:
where
Next, based on (6), the transfer function of the closedloop unity feedback system is written as: and, after some processing, the square of its modulus can be expressed as: 
where: 
Canceling the denominator term K 2 which contains a difference in (9) , the expression of the integral time constant of the current controller is provided:
When used together with (5), condition (13) gives also the expressions of the proportional and derivative constants of the PID controller:
From (13) to (15), it is found that the controller's parameters are independent of load parameters, which is an important advantage. 
IV. CONTROL SYSTEM PERFORMANCE
To test the performances of the control system, the block diagram in Fig. 2 has been implemented under Matlab-Simulink environment (Fig. 3) .
The control system response, in terms of the rms fundamental current at the inverter output for three types of heated pipes, when a prescribed step current is applied, is shown in Fig. 4 and Fig. 5 . The induction coil and heated pipes parameters corresponds to real pieces from a leading Romanian manufacturer which produces seamless pipes for industrial applications. The equivalent parameters are given in Table I .
As it can be seen in Fig. 4a , by setting the rms current of 800 A to heat a pipe with a diameter of 210 mm and wall thickness of 10 mm (210/10), the overshoot is of about 5 % and the transient regime ends in about 0.02 seconds. When the set value is reduced two times (400 A instead of 800 A), the response is improved, as there is no overshoot (Fig. 4b) .
As shown in Fig. 5a , the set current of 800 A for the pipe 210/20 leads to similar performances of the control system compared with the case of the previous pipe (both the overshoot and the settling time are comparable).
In the case of the pipe 80/5, the performance is significantly better (Fig. 5b) , meaning that practically no overshoot exists and the settling time is reduced to 0.014 seconds (over 25% less). 
V. CONCLUSIONS
After designing the inverter current control loop followed by the performance testing through simulation, some concluding remarks can be drawn.
 The current controller of PID type was successfully tuned based on Modulus Optimum criterion in Kessler variant.  The determination of the controller's parameters is unique and leads to the elimination of inertia introduced by the DC-link circuit.  The tuned current controller leads to a very good performance of the current loop (the overshoot is missing or is below 5%) and the maximum duration of transient is 0.02 seconds). Therefore, all prerequisites are created to achieve a high performance control system through the implementation in the experimental setup.
